All therapies currently recommended for the management of osteoporosis act mainly to inhibit bone resorption and reduce bone remodeling. PTH and its analog, teriparatide [recombinant human PTH(1-34)], represent a new class of anabolic therapies for the treatment of severe osteoporosis, having the potential to improve skeletal microarchitecture. Significant reductions in both vertebral and appendicular fracture rates have been demonstrated in the phase III trial of teriparatide, involving elderly women with at least one prevalent vertebral fracture before the onset of therapy. However, there is as yet no evidence that the antifracture efficacy of PTH will be superior to the bisphosphonates, whereas cost-utility estimates suggest that teriparatide is significantly more expensive.
I. Introduction

P TH AND ITS analogs represent a new class of anabolic
agents for the treatment of severe osteoporosis, unlike currently licensed therapies to manage osteoporosis, which act primarily to inhibit bone resorption and remodeling. In this paper members of the Western Osteoporosis Alliance have reviewed the clinical literature, published between 1990 and June 2004 -the period of active development of the therapeutic use of these agents for the therapy of osteoporosis. In addition to a search of Medline, with particular attention to controlled clinical trials, the important English language bone and specialty journals were hand searched for the most recent publications in the clinical field of PTH therapy. A full historical review of the clinical and experimental evidence was neither appropriate nor necessary to arrive at current consensus. Grades of evidence were assigned according to the published criteria for developing clinical guidelines (1) . Randomized clinical trials in which there was an appropriate control group would consistently lead to consensus recommendations of grade A or B. Of the four grades attached to our recommendations, grade D represents consensus expert opinions because there are many areas in which there are no data from randomized controlled clinical trials. Data published in abstract form are identified as such in the reference section, and are included when it seemed necessary to add to the body of information about mechanisms of action or therapeutic response. Table 1 describes the levels of evidence and grades of recommendations with which we have arrived at suggested guidelines for the use of PTH in managing osteoporosis.
II. Biological Activity of PTH
Human PTH is an 84-amino acid peptide that plays a central role in the maintenance of calcium homeostasis in mammals (2). The ambient extracellular calcium level signals an increase in PTH secretion in response to a decrease in calcium concentration via the calcium-sensing receptors on the parathyroid cellular membrane. PTH acts directly to increase renal tubular calcium reabsorption and indirectly to enhance intestinal calcium absorption via its stimulatory action on renal 1-␣ cholecalciferol hydroxylase (thereby increasing circulating calcitriol). The normal physiological role of PTH on skeletal homeostasis, when secreted endogenously, is more complex but probably serves to regulate bone remodeling rather than overall skeletal mass.
From early structure-function studies of PTH, it has been generally assumed that all of the biological activity of intact PTH (hPTH resides in the N-terminal sequence; most clinical studies have used the 34-amino acid peptide hPTH , now named teriparatide. The first two amino acids are obligatory for biological activity, and it appears that the bone anabolic properties are fully maintained by the foreshortened fragment hPTH or its cyclized lactam. Although the 84-amino acid intact PTH is the natural product of PTH gene transcription and translation, the major immunoreactive circulating PTH species consists of carboxyl (C)-terminal fragments of the hormone. These fragments are secreted by the parathyroid cell, with intracellular cleavage enhanced by elevated extracellular fluid calcium (3) . They also arise from cleavage of intact PTH by peripheral (target) tissues (4) . N-terminal residues capable of receptor activation do not exist in the circulation under normal physiological conditions; after target tissue receptor binding, aminoterminal fragments may be formed, which are then rapidly degraded. The only known circulating form with biological activity at the PTH/PTHrP receptor is the full-sequence intact PTH peptide.
It is possible that C-terminal fragments of intact PTH may have discrete biological properties. Both in vitro and in vivo studies indicate that the C-terminal part of PTH may have significant biological effects in bone. Evidence is accumulating that a separate receptor for the C terminus of PTH exists. Bringhurst and associates (5) have demonstrated that C-PTH fragments may enhance osteocyte apoptosis, and earlier cell culture studies of osteoblasts have shown that C-terminal fragments containing at least the last 30 or more amino acids of PTH will stimulate production of alkaline phosphatase and other markers of osteoblast activity (6) . It is therefore plausible that intact PTH, when used as a therapy for osteoporosis, may have slightly different biological actions compared with teriparatide.
PTH exhibits potent anabolic effects on the skeleton when given exogenously by intermittent injection. This was first reported in humans by Reeve et al. (7) in 1980. In this study a small group of patients received teriparatide by daily sc injections for 6 -24 months. Paired bone biopsies revealed substantial increases in iliac trabecular bone volume, with evidence of new bone formation and a suggestion that there was a dissociation between bone formation and resorption rates. Numerous historical studies have consistently confirmed improvements in bone tissue after daily injections of PTH analogs (8) , but only recently has teriparatide become commercially available. The molecular mechanisms by which PTH analogs result in a partial reconstruction of skeletal architecture in subjects with severe osteoporosis are as yet unclear (2) . However, a review of the recent literature supports the observation that architectural improvements do occur within the skeleton after daily PTH injections. This is in contrast to changes in the skeletal architecture observed after therapy with antiresorptive agents, which act mainly by a An appropriate level of evidence was necessary but not sufficient to assign a grade of recommendation; consensus was required in addition.
reducing bone turnover and preserving, rather than improving, skeletal architecture.
III. Antiresorptive Therapy
Most forms of osteoporosis are a consequence of bone loss due to an imbalance in bone remodeling such that bone resorption exceeds bone formation. By decreasing the number, activity, and life span of osteoclasts, several therapeutic agents suppress bone resorption and, indirectly, bone formation. These antiresorptive agents are capable of preserving bone mass, stabilizing bone structure and quality, and reducing fracture rates. Before the availability of PTH, all of our therapies for the prevention and treatment of osteoporosis fell into this category. There is an extensive literature both from well-designed clinical trials and several years of experience with their use in a clinical setting.
A. Bisphosphonates
Bisphosphonates are potent selective inhibitors of osteoclastic bone resorption. Both alendronate and risedronate reduce the incidence of vertebral fractures by 40 -50% in women known to have osteoporosis (9 -14) , with similar reductions in nonvertebral fractures (15) . Both agents have been shown specifically to reduce the risk of hip fractures by 40 -60% in women with severe osteoporosis (16, 17) . Clinical trials involving men and patients with glucocorticoidinduced osteoporosis (GIOP), have shown that bisphosphonates confer similar benefits in improved bone mineral density (BMD) and reduced vertebral fracture risk (18 -21) .
The onset of bisphosphonate action is rapid. Indices of bone resorption were suppressed and occurred within a few weeks of beginning treatment, and the risk of radiological or vertebral fracture was reduced as early as 6 -12 months (13, 17, 22) . All studies clearly demonstrate improvements in BMD during bisphosphonate therapy. However, histomorphometric studies obtained during the phase III clinical trials show few differences in trabecular bone architecture compared with patients treated with placebo (23, 24) . In the absence of improved trabecular microarchitecture, the increments in BMD are most likely due to enhanced secondary mineralization of preformed osteons (25) . Suppression of bone resorption allows closure of the existing skeletal remodeling space, further enhancing the increments in BMD compared with placebo treatment. Although the negative balance in the basic multicellular unit is reduced because of shallower resorption cavities during remodeling, there is no consistent evidence that these drugs eliminate the negative bone balance or render it positive, so that the apparent increase in measured bone mass is limited to the reduction of the reversible remodeling space (26) .
B. Other antiresorptive agents
Other antiresorptive agents with proven antifracture efficacy include long-term estrogen therapy (27) , raloxifene (28) , and nasal calcitonin (29) . In general, the vertebral fracture risk reduction has been more variable, but is not generally in excess of 40%, whereas neither raloxifene nor nasal calcitonin has been shown to reduce the risk for appendicular fractures. By comparison with bisphosphonates, the increments in BMD seen with other antiresorptive agents are more modest. All clinical trials evaluating the use of treatment for osteoporosis have included nutritional supplements of calcium and vitamin D to both the placebo and treatment arms. Very low intakes of calcium or impaired calcium absorption due to inadequate vitamin D stores are associated with increased rates of bone loss and increased rates of fracture risk, especially in the elderly who are less able to adapt to low calcium intake because of age-related inefficiencies in vitamin D metabolism (30) . The administration of calcium and/or vitamin D to elderly adults deficient in these nutrients slowed bone loss and reduced the risk of vertebral and nonvertebral fractures, including hip fractures (31) (32) (33) (34) . Thus, effects attributed to antiresorptive agents are in addition to the effects due to calcium and vitamin D alone. Whereas calcium and vitamin D are important aspects of treatments, pharmacological therapy provides more effective protection from fracture; this is probably true for both antiresorptive and anabolic agents.
Thus, clinicians now have an effective group of antiresorptive agents for patients with, or at risk for, osteoporosis. It is against this proven background that the utility of PTH and its analogs must be contrasted.
IV. Anabolic Therapy
A. Mechanism of action: anabolic vs. antiresorptive therapy
The cellular mechanism of action of PTH is fundamentally different from that of antiresorptive agents. The latter can be more aptly termed "antiremodeling agents" because, although their initial action is to inhibit resorption, they also rapidly inhibit formation, which under most circumstances is tightly coupled to resorption. Indeed, inhibition of remodeling is one of the primary mechanisms through which this class of drugs operate. A decrease in the remodeling rate has several effects that are beneficial to bone strength, including: 1) an improvement in bone density through a decrease in the size of the remodeling space; 2) preservation of cancellous bone architecture; 3) a reduction in the number of resorption cavities, which act as mechanical stress concentrators with the potential to trigger mechanical failure; 4) an increase in the amount of bone mineral per unit volume of bone tissue; and 5) a decrease in cortical porosity (25, (35) (36) (37) .
B. Structural changes in bone after PTH therapy
By contrast, PTH stimulates bone formation through an increase in the bone remodeling rate. Under the influence of exogenous PTH treatment, the amount of bone laid down in each remodeling unit, as assessed by osteon thickness, is increased (38 -40) . This distinguishes the effects of PTH treatment from other high-remodeling states, such as estrogen deficiency, which are deleterious to bone strength. The combination of an increase in the remodeling rate and in the amount of bone laid down in each remodeling transaction provides a mechanism for ongoing gains in the amount of bone tissue, including an increase in trabecular thickness (38) , which is not seen with antiresorptive agents, at least not at the iliac crest. In addition to stimulation of bone formation through this mechanism, which can be referred to as "remodeling-based formation," there is also biochemical and histomorphometric evidence that teriparatide is initially able to uncouple formation from resorption, stimulating formation directly without a requirement for prior resorption (41) (42) (43) . This can be referred to as modeling-based formation. This may occur by activation of lining cells on previously quiescent bone surfaces (44) , as well as by osteoblasts engaged in remodeling-based formation migrating outside the borders of the bone remodeling unit to deposit bone on sites that were untouched during the resorptive phase of the cycle (45) .
Teriparatide treatment has been shown not only to increase trabecular thickness but also to increase trabecular connectivity as assessed in three dimensions by microcomputed tomography of iliac crest bone biopsies (40, 46) . This is shown clearly in Fig. 1 . The underlying mechanism is uncertain but could involve the initial thickening of trabeculae followed by intratrabecular tunneling (47) ; it is in sharp contrast to the mechanism of bisphosphonate action, during which preservation, rather than alteration, of trabecular architecture occurs (24) .
Since the landmark study by Reeve et al. (7) , there have been concerns that at least some of the gains in cancellous bone may be achieved at the expense of cortical bone. Several clinical studies have demonstrated small decreases in areal BMD [measured by dual x-ray absorptiometry (DXA)] at cortical bone sites with both teriparatide (48 -52) and intact PTH (53) . This is likely due to enhanced intracortical remodeling and is self-limiting. Iliac crest bone biopsies do not show enhanced cortical porosity after 18 -36 months of teriparatide treatment (39, 40, 46) . Animal data demonstrate increased remodeling in the inner two thirds of the cortex, leading to "trabecularization" of the endocortical envelope. Similar active remodeling is seen along endocortical bone in iliac crest biopsies after teriparatide treatment of postmenopausal women (39) . However, expansion of the inner diameter of tubular bone due to this endocortical activity has little effect on calculated bending strength (54 -57) . The effects are offset by an increase in both cortical thickness and diameter due to new periosteal bone apposition. Such improvements in cortical bone architecture with teriparatide treatment are now beginning to be documented in humans using a variety of techniques, including histomorphometry (40, 46) , peripheral quantitative computed tomography (QCT) (58 -61) , radiogrammetry (62) , and absorptiometric assessment of bone size (63, 64) . Thus, Zanchetta et al. (59) compared cortical architecture in the distal radius by peripheral QCT, after 18 months of treatment with teriparatide or placebo. During teriparatide therapy, new periosteal apposition occurred, but cortical thickness was unchanged because of concurrent endocortical remodeling. However, the greater radial outer dimension resulted in biomechanically stronger bone as assessed by axial and polar moments of inertia. Similar findings have recently been reported for the femoral neck (61) . An increase in the bone formation rate, determined by tetracycline labeling, has been reported on the periosteal surface of iliac cortical bone in patients treated for only 1 month with teriparatide, providing a plausible mechanism for periosteal expansion (43) .
That PTH may be able to increase bone size is significant, given that the strength of a cylinder is proportional to the fourth power of its radius. Small increments in bone size therefore may have disproportionately greater effects on bone strength. Bone size increases with age, and this compensates for the age-related loss of bone tissue (65) (66) (67) . PTH treatment appears to accelerate this natural process. The 20-yr-old belief that intermittent PTH treatment may have deleterious effects on cortical bone therefore appears to be losing ground. With that comes the realization that to assess the effects of PTH treatment in a clinical setting, we need to exercise caution in interpreting BMD changes, particularly areal measurements provided by DXA. Indeed, BMD measurement may give misleading results; a decrease in BMD due to enhanced cortical remodeling may not indicate loss of bone strength if it is accompanied by improvements in cortical, as well as trabecular, architecture. A further reason that areal DXA may underestimate improvement in bone mass lies in the increased volume of relatively undermineralized osteoid, which occurs when bone turnover is increased. This is the opposite of the mechanism seen during bisphosphonate use and has been documented in paired iliac crest biopsies before and after teriparatide use (68) . There is therefore a pressing need to explore the utility of other imaging modalities, such as structural analysis by DXA (69), QCT (70, 71) , and high-resolution magnetic resonance imaging (72) (73) (74) in the noninvasive assessment of the effects of PTH on trabecular and cortical bone. Development of better surrogate measures for bone strength will become increasingly important for assessing the effects of antifracture drugs, both antiresorptive and anabolic, as fracture trials become progressively more difficult to conduct for practical and economic reasons.
In conclusion, PTH represents the first in a new class of bone anabolic agents. It is the first antifracture drug that has been shown to increase osteoblast number and activity, to increase the bone remodeling rate as well as the amount of bone deposited in each remodeling cycle, to increase trabecular thickness and improve trabecular connectivity, to stim- Table 2 describes the published randomized clinical trials published since 1997. The table describes only those trials that included both a representative sample of "at risk" subjects and a control not receiving PTH. Whereas the table differentiates studies carried out in postmenopausal women, men, postmenopausal women with GIOP, and premenopausal women with acute estrogen deficiency, our brief review of the evidence describes the overall benefits of PTH therapy irrespective of treatment cohorts; treatment effects are quite consistent between studies, and we have highlighted only the inconsistencies.
V. Clinical Trials with Teriparatide and Intact PTH
A. Teriparatide
Changes in biochemical markers of bone turnover.
PTH is a direct anabolic agent in bone tissue. It induces new bone formation on otherwise quiescent bone surfaces, while also stimulating bone turnover by the classic remodeling cycle involving both osteoclastic resorption and osteoblastic reformation. Not surprisingly, biochemical markers of both bone formation and resorption increase dramatically and can be detected in both blood and urine. Hodsman et al. (75) first showed these increments to occur very early on, within 28 d of initiating teriparatide therapy. These findings have been shown in many studies with teriparatide (42, 48, 49, 51, 76 -78) and for intact PTH (53) . Increments in markers of bone formation (e.g., bone-specific alkaline phosphatase, Npropeptide of type 1 collagen, osteocalcin) and markers of bone resorption (e.g., urinary N-telopeptide, urine deoxypyridinoline, serum C-terminal telopeptide) of at least 100% are seen, and, characteristically, bone formation markers increase more rapidly and earlier during the course of therapy than those reflecting bone resorption. This may reflect the direct early anabolic effects of PTH, which is occurring before the bone-remodeling cycle accelerates. Another feature of these bone turnover profiles is a tendency for the increments to peak during the first 12 months of therapy but to gradually decline toward baseline over the next 12-24 months. It is not known whether this represents a form of tachyphylaxis to PTH peptides, resulting in diminishing skeletal response over time. (Fig. 2) . If the analysis of vertebral fractures was restricted to moderate or severe deformities (Ͼ26% reduction in vertebral height), the risk reduction was 90%. Figure 3 shows the incidence of nonvertebral fractures during the study. When all nonvertebral fragility fractures were assessed, women were 53% less likely to fracture (relative risk, 0.47; confidence interval, 0.25-0.88). It is of interest that there was no clear distinction of fracture risk reduction between the two doses of teriparatide. Moreover, post hoc analysis in this cohort demonstrated that the fracture risk reduction was largely independent of age, initial BMD, and prevalent vertebral fractures at baseline (79) .
Where fracture incidence data were provided in the other trials, the numbers of treated patients were too small to achieve significance; however, there is a consistent trend to fewer vertebral and nonvertebral fractures in every case (42, 78 14% ), but some of these may have been traumatic, and the absolute numbers were very small (e.g., toe fractures in the alendronate group are of uncertain significance).
Changes in BMD.
PTH consistently increases BMD (measured by DXA) in predominantly trabecular bone (lumbar spine) and to a lesser degree over a mixed cortical/trabecular site (femoral neck), but has little effect over a mainly cortical site (distal radius) where the measured BMD may actually fall slightly. The effect is dose dependent (50, 51, 53, 80) and, by comparison to alendronate, of significantly greater magnitude (49) . Increments in BMD are maximal during the first 18 months of therapy, but the incremental rate may decline beyond this point (49, 76); however, there are studies in which the increments in BMD continue to be linear at or after 18 months duration of therapy (42, 48) . Typically, BMD of the lumbar spine increases from 10 -14% over 1-3 yr (Table 2 ). In the phase III teriparatide trial, in which postmenopausal women were treated for a median of 19 months, the mean increment in lumbar spine BMD in the group receiving 20 g/d was 9.7%, vs. 1.1% for placebo-treated patients (50) . Post hoc analysis demonstrated that in 96% of individuals there was an increase at least above baseline, and in 72% the increase was at least 5% (81) .
In contrast, changes in femoral neck BMD are usually less than 5% over comparable time periods. Changes in BMD over the distal radius have been inconsistent through the historical small trials of PTH, but in the more recent controlled clinical trials, it is apparent that PTH results in a consistent small reduction in radial BMD (in the order of 1-2%) (48 -51) . The significance of the apparently adverse effect on BMD of the distal radius is controversial. The study by Neer et al. (50) was the only trial large enough to begin to evaluate the wrist fracture incidence during teriparatide therapy. Compared with placebo, treated patients had about half the number of wrist fractures. The apparent decrement in radial BMD may be a combination of several effects induced by PTH that occur simultaneously, including increased endocortical remodeling, increased remodeling space within the cortical haversian systems, and an increase in measured area due to periosteal bone apposition as discussed previously in Section IV.B. In general, total body calcium measurements increase (42, 49 -51) . The increase is small, in the order of 1-2%, although in the study reported by Lindsay et al. (42) in which teriparatide was given to 
postmenopausal women on long-term estrogen therapy, the increment in total body calcium was linear and almost 8% over 3 yr. Therapy with teriparatide has consistently improved lumbar spine and femoral neck BMD in men (48, 51) and in postmenopausal women with GIOP (78) . Indeed, changes in BMD and incremental changes in biochemical markers of bone turnover mirror closely those seen in postmenopausal osteoporosis. Finkelstein et al. (77) have evaluated the effect of teriparatide in younger women with acute estrogen deficiency after nafarelin therapy. In this study, BMD was maintained during the 12-month treatment period, whereas women treated with nafarelin alone experienced sharp decrements in both lumbar spine and femoral neck BMD measurements (Table 2) . These women received a relatively high dose of PTH (40 g/d), but the specific activity of the peptide was not mentioned. There is no obvious explanation as to why the bone densitometric changes were so much lower than in the other trials utilizing teriparatide.
Health outcomes and cost effectiveness.
Only one study has evaluated health-related quality of life (82) . Using a diseasespecific instrument, the Osteoporosis Assessment Questionnaire (OPAQ), Oglesby et al. (106) reported on outcomes from the teriparatide phase III randomized controlled trial. Although it could be clearly shown that incident vertebral and nonvertebral fractures were associated with a deteriorating quality of life (compared with those patients who did not fracture), there was no significant difference between the teriparatide-treated patients and those on placebo. Unfortunately, of more than 1600 patients enrolled in the overall trial, only 365 were assessed with the Osteoporosis Assessment Questionnaire instrument, limiting the statistical power of the analysis. However, in this same fracture prevention trial, the incidence of any back pain (reported as an adverse event), was significantly less in the group receiving 20 g/d than in the placebo group (17% vs. 23%; P Ͻ 0.02) (83) . Similarly, patients treated with teriparatide, 40 g/d, were reported to have significantly less back pain than those receiving alendronate in the small head-to-head trial (6% vs. 19%; P ϭ 0.012), but this study did not document vertebral fractures as an outcome (49) .
To a degree, the cost effectiveness of osteoporosis therapy depends on the number of patients who need to be treated to prevent a fracture. Table 3 compares the fracture data between teriparatide and two widely used bisphosphonates, alendronate and risedronate. The data are taken from the randomized clinical trials in which postmenopausal women were enrolled on the basis of having at least one prevalent vertebral fracture; in the four studies cited, the mean age of the study cohorts ranged from 69 -71 yr, and treatment duration ranged from 21 months (teriparatide) to 3 yr (alendronate and risedronate). Although there may be other factors influencing future fracture risk, the four study populations should be quite comparable. In the absence of headto-head studies, this is a pragmatic way to compare effectiveness, because age and the prevalence of fractures, before initiating osteoporosis therapy, greatly influence the number who need to be treated calculation (84) . As can be seen, the apparent relative effectiveness of teriparatide and bisphosphonates is quite similar when used in postmenopausal women at higher risk for fragility fractures. The National Institute for Clinical Excellence in the United Kingdom has compared the cost-utility ratio between the bisphosphonates, raloxifene and teriparatide, using a modified individual Markov approach (85) . The baseline model examines the cost-utility ratio of bisphosphonates, raloxifene and teriparatide, in postmenopausal women with at least one prevalent vertebral fracture and a T score of less than Ϫ2.5., stratified by ages 50 -80 yr. At age 60, the cost-utility ratio (calculated in pounds per Quality of Life Year to prevent one clinical fracture) of teriparatide is nearly 3-fold that of bisphosphonates. It approximates that of the bisphosphonates, alendronate and risedronate, only when the modeled risk is 4-fold higher than that of the baseline model. This increased level of risk would represent women with either 1) two or more fractures, a T score less than Ϫ3.0 plus an additional major but nonmodifiable risk factor; or 2) an "extremely" low T score of less than -4.0 (85). The National Institute for Clinical Excellence analysis has the advantage that generally agreed upon quantifiable risks and benefits were applied within a single health care system; the much higher cost-utility ratio for teriparatide as compared with the bisphosphonates is driven by the cost of teriparatide rather than its efficacy.
B. Trials with intact PTH
Intact PTH is undergoing phase III clinical trials. However, in the phase II studies with intact PTH, three doses (50, 75, and 100 g/d) were evaluated over 12 months (Table 2 ) (53). Changes in BMD were dose dependent. At 100 g/d, the dose currently under evaluation in phase III, the increments in BMD were 7.8% at the lumbar spine, and 0.5% at the femoral neck after 12 months. There was a nonsignificant decrement of 1.5% in whole-body BMC. It is possible that the small changes in femoral neck and whole-body bone mineral measurements reflected transient imbalance between cortical remodeling and bone formation. A subset of these phase II study patients received sequential therapy with alendronate for an additional 12 months and demonstrated very significant increments at both measurement sites (52) . As with teriparatide, intact PTH produced similar increments in biochemical markers of bone turnover (53) . As yet, there are no data on the antifracture efficacy of intact PTH. Several other PTH analogs have been evaluated in animal models of osteoporosis, but there are no comparable studies in human subjects.
VI. Side Effects and Precautions
Only the study by Neer et al. (50) was large enough to consistently search for adverse events in teriparatide-treated patients vs. placebo. Circulating antibodies to teriparatide developed in 3% of the women receiving 20 g/d, but these antibodies had no discernable effects on any of the measured clinical outcomes. Antibody formation was not found after intact PTH therapy (53) . During the teriparatide trial, the frequencies of headaches (8%) and nausea (8%) were no greater than in the placebo group. Nine percent reported dizziness and 3% reported leg cramps. These two symptoms were reported by significantly fewer (6% and 1%) of the control patients. They tend to occur within a few hours of injection. The incidence of side effects has been variable from study to study. Although there is not enough published information to comment on side effects associated with intact PTH, they are probably similar. A significant increase in serum uric acid has been found in about 3% of patients after teriparatide therapy (50) and also in patients treated with intact PTH (60), several of whom developed acute gout.
A. Hypercalcemia and hypercalciuria
PTH injections consistently increased serum calcium. Figure 4 shows the pharmacokinetic profile of serum PTH and calcium observed during the phase III teriparatide fracture prevention trial. After injection, serum teriparatide levels increase to approximately 170 pg/ml within 30 min (an increment of 10-fold over baseline levels, which predominantly reflects measurement by the assay of endogenous intact PTH), rapidly decline with a t 1/2 of about 1 h, and return to baseline by 4 h. Between 4 and 6 h, the serum calcium peaks, but the level remains within the normal physiological range, with the increment being about 0.2 mmol/liter (0.8 mg/dl). The increased serum calcium is sustained during the day but returns to baseline before the next dose. However, within the pivotal study in postmenopausal women (50) postdose serum calcium was above the upper limit of normal at least once in 11% of patients on teriparatide, 20 g/d. Repeated serum calcium levels were assessed according to an algorithm, and only if persistently elevated were calcium supplements decreased or discontinued. Ultimately, the dose of teriparatide was reduced by 50% in only 3% of patients, and persistent increments in serum calcium led to withdrawal of active therapy in only one of 541 patients. Similar transient rises in serum calcium have been reported during other controlled trials with teriparatide (51, 86) . There is less information for the chosen dose of intact PTH, 100 g/d, but the incidence of transient hypercalcemia may be higher (53, 60) , and 8 -10% of patients may develop mild hypercalciuria (60) . After teriparatide treatment, there was a small increase in 24-h urinary calcium excretion by a median of 0.75 mmol (30 mg)/d (50) . However, the clinical trials with teriparatide excluded patients with hypercalciuria or a history of renal calculi within 5 yr, and the development of hypercalciuria required reduction in daily calcium supplements. Whereas no clinical adverse events were associated with any increments in serum or urine calcium, the most efficient means of identifying the small percentage of patients who require dose reduction has yet to be determined. 
B. Osteosarcoma
All three of the major teriparatide trials (in postmenopausal women with severe osteoporosis, in men with osteoporosis, and the first head-to-head trial against alendronate) (49 -51) were terminated prematurely because of the findings of induced osteosarcoma in an ongoing carcinogenicity study in rats. In this study, Fischer 344 rats were given PTH from infancy through senescence (from 8 wk of age through 2 yr) (87) . The administered doses would correspond to approximately 30 -4500 g/d when given to a 60-kg human subject. Osteosarcoma was found at all dose levels, and, in the lower dose ranges, was first detected after approximately 20 months of therapy (87) . It should be pointed out that therapy with teriparatide at these doses causes gross abnormalities in bone tissue in the rat model, with overgrowth of trabecular bone to the point that the marrow space in both the metaphysis and diaphysis is almost completely replaced by bone tissue (88) . Osteosarcoma has also been reported in a similar carcinogenicity study with intact PTH. Although there was no difference in the low dose (10 g/kg⅐d) compared with controls, there was a dose-related incidence of osteosarcoma in the mid-(50 g), and high-(100 g) dose groups over 2 yr. At the time of writing these results are available only in preliminary form (www.npsp.com/news/ releasetxt.php?ReqIdϭ471943).
There is no substantive evidence of clinical osteosarcoma induction in clinical states of high, very prolonged PTH secretion (e.g., renal osteodystrophy). To date there have been four case reports of coincident osteosarcoma in patients with primary hyperparathyroidism, but the cause-and-effect relationship remains unproven (89) . In the study of Neer et al. (50) , no osteosarcomas were found, but the rarity of these cancers in humans makes assessment of the relative risk impossible at present. The relevance of the animal carcinogenicity findings to treating older subjects with severe osteoporosis may be minimal. In adult humans, in whom such exaggerated pharmacological effects in bone do not occur, it is unlikely that the risk of osteosarcoma would be increased by daily treatment with PTH for a relatively small fraction of the normal life span. An independent outside oncology advisory board concluded that the rat carcinogenicity finding is very unlikely to have relevance to humans treated with teriparatide. The approved labeling for teriparatide in the United States limits its use to no more than 2 yr (88).
C. Additional precautions
In view of the carcinogenicity studies in animals, certain warnings have been issued to avoid the use of teriparatide and, presumably, other PTH peptides in patients who might be at increased risk for osteosarcoma, i.e., patients with Paget's disease, prior skeletal irradiation, unexplained increases in serum bone-specific alkaline phosphatase, and adolescents in whom the epiphyses have not yet closed. In addition to bone and kidney, many normal tissues express the PTH/PTHrP receptor, including those of epithelial and endothelial origin, and the receptor has been found in some solid tumors, including breast and clear-cell renal cancer. This raises the theoretical possibility of nonosseous cancer induction during PTH therapy. The use of PTH in patients with a recent history of cancer has not been explored because clinical trials routinely exclude such patients. In the phase III teriparatide trial, nonosseous cancers developed in 40 women, with a higher incidence in the placebo group (4%) than in the 20-g/d (2%) and 40-g/d (2%) groups, and this apparent difference in cancer incidence was significant in the 20-g treatment group (P ϭ 0.02) (50) . There is therefore little current evidence to warrant concern that PTH therapy is attached to a significant risk of inducing either bone or nonosseous cancer, but it may be prudent not to recommend it in patients with a history of cancer within the past 5 yr.
PTH should be avoided in patients with a history of nephrolithiasis and/or gout, unless careful monitoring of serum and urine calcium or uric acid is maintained. Before PTH therapy is initiated, nutritional vitamin D status should be evaluated with serum 25-OH vitamin D levels. Vitamin D deficiency (serum levels Ͻ 40 nmol/liter) (90) and insufficiency (Ͻ 80 nmol/liter) (91) are relatively common. This is particularly relevant for patients with very low T scores, of less than Ϫ3.5, in whom nutritional osteomalacia should be clearly excluded before PTH therapy is begun. Obviously, PTH should not be considered if other metabolic bone disease, including primary hyperparathyroidism or renal osteodystrophy, is suspected, although a theoretical case might be made for treating "osteoporotic" fractures in dialysis patients with adynamic bone disease and severe functional hypoparathyroidism.
VII. PTH in Clinical Practice
A. Candidates for PTH therapy
To date, almost all clinical trials of PTH have been carried out in postmenopausal women with osteoporosis, using teriparatide. Therefore our recommendations apply mainly to postmenopausal women, although men with osteoporosis should also be considered. The following three groups of patients should be considered candidates for therapy with teriparatide. At present there are insufficient data to comment on intact PTH, which has yet to receive regulatory approval.
Patients with preexisting osteoporotic fractures.
The best evidence to date supporting the therapeutic efficacy of teriparatide to reduce the risk of both vertebral and nonvertebral fractures comes from the study by Neer et al. (50) , which tested teriparatide in postmenopausal women, over 65 yr of age, who also had prevalent vertebral fractures before therapy. However, in this trial, the risk for developing new vertebral fractures was largely independent of initial lumbar spine BMD and was seen in patients with T scores between -2.1 and -3.3 (79) . Moreover, in this study, the risk for new vertebral fractures was reduced similarly, irrespective of the number of prevalent fractures before the onset of therapy. These data are in contrast to the antifracture efficacy of bisphosphonates, where the fracture risk reduction is clearly dependent on the number of prevalent fractures as well as the reduction in BMD present before therapy is started (17, 79, 92) . Thus, PTH therapy is likely to be most effective in patients with preexisting "fragility" fractures irrespective of whether measured BMD falls below the cut-off point definition of osteoporosis (i.e., a T score of ՅϪ2.5). Because the increment in BMD in response to teriparatide is very similar for men to that seen in women (51), the antifracture efficacy of PTH will likely be similar for men and women.
Patients with very low bone density.
The rapidity with which increments in BMD are seen in response to teriparatide may make this a preferred therapy in individuals at particularly high risk for incident fractures. Because fracture risk increases exponentially, doubling with each integer decrease in BMD T score, such high-risk individuals may be arbitrarily defined with T scores of -3.5 or below even in the absence of fractures. In the absence of a head-to-head comparative trial comparing antifracture efficacy, whether teriparatide or bisphosphonate therapy should be the preferred initial therapeutic choice in patients meeting the World Health Organizations' definition of "severe osteoporosis" (a T score of -2.5 plus vertebral fractures) cannot be defined. In a short trial comparing teriparatide with alendronate, the increments in BMD at both the lumbar spine and femoral neck were significantly earlier and of greater magnitude for teriparatide (49) . On the other hand, there is no evidence that teriparatide is superior to bisphosphonates in its antifracture efficacy (Table 3) , and therefore its much higher cost may not justify its use as a first-line therapy.
Patients with an unsatisfactory response to antiresorptive therapy.
There may be reasons to select teriparatide in patients previously treated with a potent antiresorptive agent, recognizing that bisphosphonates may blunt or delay the anabolic response to PTH. Intolerance to the local upper gastrointestinal irritation by bisphosphonates would be a clear indication. An incident fragility fracture during bisphosphonate treatment is not an indication of treatment failure of itself: no treatment reduces the risk of fracture to zero. However, an incident fracture in the face of continuing and significant reduction in BMD despite 2 yr of apparently compliant therapy would be evidence of an unsatisfactory response to the bisphosphonate. In such cases it would be important to exclude secondary causes of osteoporosis, including vitamin D deficiency, other endocrine conditions, or unrecognized intestinal malabsorption syndromes. At present there is no evidence that patients with an unsatisfactory response to bisphosphonates will have a more favorable outcome to PTH, particularly if future studies confirm that some or all bisphosphonates blunt the anabolic action of PTH (see below).
Patients who should not be treated.
Most studies with either teriparatide or intact PTH have involved postmenopausal women or men over the age of 50. There is no clinical reason for an age restriction, but younger men and women with a low BMD as their sole abnormality should probably not be treated, as prevalent fragility fractures are unusual in individuals under the age of 50, and the clinical significance of low T scores in this age group is unclear. Safety in pregnancy has not been determined, and PTH should not be prescribed to women in their reproductive years. Although the risk of osteosarcoma is not considered to be significant for humans, the manufacturer recommends that teriparatide not be used in situations where the risk of developing osteosarcoma might be increased, particularly in adolescents with open epiphyses (in whom the incidence of osteosarcoma is much higher than in older individuals) and in older patients with Paget's disease or previously treated with external ionizing radiation.
B. Monitoring
The clinical trials with teriparatide and intact PTH have included algorithms for dose adjustment in response to hypercalcemia. However, the recent Food and Drug Administration approval of teriparatide does not include recommendations for monitoring serum calcium because persistent hypercalcemia requiring dose reduction was uncommon (ϳ3% of patients taking 20 g/d), and the hypercalcemia that was occasionally seen was mild. Although nausea and vomiting were reported as significant, but occasional, adverse reactions to teriparatide, there was no correlation between these symptoms and the rare incidence of hypercalcemia (data on file, Eli Lilly, Indianapolis, IN). Nonetheless, many physicians may feel it prudent to monitor fasting predose serum calcium after 1 month of stable daily teriparatide injections. If persisting hypercalcemia is found, decreasing calcium supplements to ensure a total daily calcium intake of no more than 1000 mg would be the first action. If hypercalcemia persists, the frequency of injections can be reduced to alternate days. Significant hypercalciuria, renal calculus formation, or nephrocalcinosis has not surfaced as a clinical problem in patients receiving teriparatide.
Consistent increments in serum uric acid have been reported with teriparatide and intact PTH, but the utility of monitoring serum uric acid in the absence of a history of gout is unclear.
The frequency of BMD measurement should not be any different from other osteoporosis therapies; the small but expected decrease in peripheral cortical measurement sites (e.g., the distal radius) occurs during the first year of treatment (as discussed above), but is not associated with an increased risk for wrist fracture (50) . Increments in biochemical markers of bone turnover are consistently seen beginning within the first 1-3 months of teriparatide and intact PTH treatment, but there is no indication that these measurements provide any guidance to therapeutic decisions.
C. Duration of therapy
At present, teriparatide therapy is approved for 2-yr duration. This is largely because longer term data are not available from randomized, placebo-controlled studies. Furthermore, the prevalence of osteosarcoma in rats was dependent on dose and duration of treatment (87) .
D. PTH and cotherapy with antiresorptive agents
The development of PTH as a therapy for osteoporosis raises many questions concerning how it should be used in concert with other treatments. The pivotal studies that demonstrated the effectiveness of PTH in increasing BMD and reducing fracture risk were conducted as placebo-controlled trials involving participants not receiving other treatments immediately before or during PTH treatment. Hence, there are few data that directly inform a variety of clinical situations that routinely arise when treatment recommendations for patients with osteoporosis are being formulated. Key questions that must be addressed by targeted research include whether PTH therapy can be effectively used in patients who are already being treated with antiresorptive drugs, whether PTH should be administered in combination with other treatments, and what therapeutic approach should be adopted at the conclusion of treatment with PTH. This final question is particularly pertinent for a treatment that, for various reasons, is likely to be seen as a short-term approach to produce a rapid and significant improvement in bone mass. Moreover, the drug is currently given by daily injection and is considerably more expensive than antiresorptive therapy, and there remain some concerns about long-term safety.
The influence of previous or concomitant antiresorptive therapy.
Although the anabolic effects of PTH might be accentuated if osteoclastic bone resorption is suppressed, there is also concern that the decrease in overall remodeling rates induced by antiresorptive agents might impair the ability of PTH to stimulate osteoblastic activity and new bone formation. Some (93, 94) , but not all (95, 96) , studies in animals suggest that pretreatment with calcitonin, clodronate, risedronate, or estrogen does not materially blunt the bone-forming effects of PTH.
a. Estrogen and raloxifene. Trials in postmenopausal women who had been on previous long-term estrogen replacement, and continued during teriparatide therapy, revealed that the expected response to PTH occurred nonetheless, as reflected by increases in markers of bone remodeling and bone density (42, 97, 98) . When teriparatide was added to established estrogen therapy, the observed increments in spinal BMD (ϳ13%) and in the hip (2.7-4.4%) over 3 yr were certainly consistent with those found in the randomized controlled trials (42, 97) . Similarly, postmenopausal women receiving both estrogen and glucocorticoids responded well to PTH treatment (78) . Ettinger et al. (100) reported similar findings in postmenopausal women who had been treated for at least 12 months with raloxifene before teriparatide was substituted, namely that increments in biochemical markers of bone formation and BMD were similar to those expected from historical controls, suggesting that raloxifene does not blunt the anabolic effects of PTH.
b. Bisphosphonates. There is increasing evidence from some (86, 100), but not all (101, 102) , studies that prior therapy with the potent bisphosphonate, alendronate, may indeed blunt the effectiveness of PTH by mitigating the expected increments in both bone turnover and bone density. On the one hand, Cosman et al. (101, 102) have consistently reported in preliminary findings that women with postmenopausal osteoporosis, who had been previously treated with alendronate for well over 1 yr, responded with the expected changes in BMD and biochemical markers of bone turnover when treated with teriparatide. However, their findings were compared with historical controls and were not internally controlled.
On the other hand, there are two randomized controlled studies ( Table 2 ) that show that alendronate (either started shortly before or concurrently) significantly modifies the expected outcomes of PTH therapy over 1-2.5 yr (60, 86) . Both studies, one in postmenopausal women treated with intact PTH, 100 g/d (60), and one in men treated with teriparatide, 40 g/d (86) , showed that the hypothesized synergy between the two drugs did not occur. If anything, the anabolic effect of PTH appeared to be blunted, particularly the increments in biochemical markers of bone metabolism. There was no additive effect on BMD gains for a combination of intact PTH and alendronate, whereas this bisphosphonate actually reduced the BMD gains observed with teriparatide alone. As expected, patients treated with alendronate alone showed smaller increments than either teriparatide alone or the combination. Somewhat in support of these observations, Ettinger et al. (100) found that when teriparatide, 20 g/d, was substituted for alendronate therapy (previously given for at least 1 yr to postmenopausal women with osteoporosis), the expected increments in biochemical markers of bone formation and BMD were delayed for 6 months; in this study, subsequent changes in these outcomes appeared to improve as expected. No clinical information currently exists regarding interactions between other bisphosphonates and PTH. Given that many patients with severe osteoporosis may already be receiving antiresorptive therapy, this issue has important implications for planning optimal therapy with PTH, particularly if potent bisphosphonates prevent or delay the anabolic response.
Antiresorptive therapy after PTH.
After cessation of teriparatide therapy, BMD tends to fall (103) . Although some antifracture efficacy of PTH has been shown to persist for some time after the cessation of therapy (103) , it may be desirable to retain the new bone formed during the treatment period. Some animal studies suggest that estrogen treatment can sustain higher levels of bone mass after PTH therapy is discontinued. However, in the study of Roe et al. (104) in which a 29% improvement in spine BMD, measured by DXA, was seen after 2 yr of treatment with PTH and estrogen, continuing estrogen after the PTH was stopped did not totally prevent bone loss, and a 4% decline in lumbar BMD was seen in the subsequent year. These trends have been observed in other studies (97, 105) . Two studies have explored the benefit of alendronate after PTH is stopped. In one study in postmenopausal osteoporotic women, Rittmaster et al. (52) found that alendronate given sequentially for 1 yr after intact PTH therapy led to an overall increase of 14.6% at the spine together with significant increments in the femoral neck and total body calcium. The typical improvement normally seen with alendronate was added to the prior improvement produced by intact PTH. Bone turnover declined but still remained above that of the original placebo (no PTH) group (52) . In a study of the effect of alendronate for 2 yr after PTH treatment in osteoporotic men, the findings were similar; those on no antiresorptive therapy after stopping PTH eventually began to lose bone (99) . A different approach has been the use of intermittent PTH used cyclically with an antiresorptive. Calcitonin has been studied in this manner, but the combined cyclical therapy was not found to be superior to cyclical PTH alone (76) . The final answer to the best combination or sequence of PTH and an antiresorptive medication awaits larger trials and, particularly, fracture data.
VIII. Summary
Teriparatide [hPTH ] is the first agent in a unique class of anabolic therapies acting on the skeleton. Current evidence supports the concept that teriparatide significantly reduces fracture risk (Table 2) , by improving bone microarchitecture as well as enhancing overall bone mass. The intact hormone hPTH(1-84) may have similar potential, pending completion of ongoing phase III trials of fracture efficacy. PTH should be considered as an alternative therapy to existing antiresorptive agents for the prevention of fractures in patients with severe osteoporosis. Teriparatide appears to be superior to antiresorptive therapy (alendronate) in improving BMD at the lumbar spine. However, there are as yet no direct comparisons of the antifracture efficacy between these two classes of agents. A historical comparison of antifracture efficacy between teriparatide, on the one hand, and two bisphosphonates (alendronate and risedronate), on the other, does not suggest superior antifracture efficacy for teriparatide (Table 3) .
There is now evidence that prior therapy with a potent bisphosphonate (alendronate) may blunt the anabolic action of teriparatide, although the mechanism for this is not known. The same is not true for postmenopausal women chronically treated with estrogen or raloxifene. Nonetheless, there is no evidence to support a need for concurrent therapy with an antiresorptive agent during treatment with PTH, other than providing appropriate supplemental calcium and vitamin D to ensure adequate availability of calcium to mineralize newly formed bone matrix.
IX. Recommendations
1. Teriparatide should be considered as a treatment for postmenopausal women with severe osteoporosis (grade A) (50) . The World Health Organization's definition of severe osteoporosis includes a prevalent fragility fracture in the presence of a T score less than Ϫ2.5. However, the evidence to date supports a clinically significant reduction in fracture risk in postmenopausal women with prevalent fractures that is independent of BMD. This benefit was seen with T scores as high as -2 (79).
2. Teriparatide should be considered for men with severe osteoporosis (grade B) (48, 51) . Teriparatide results in increments in BMD (as measured by DXA) when given to men with osteoporosis over relatively short periods of up to 18 months. These increments are similar to those observed in postmenopausal women with severe osteoporosis. However, there are no data for the efficacy of teriparatide therapy to reduce fractures in men.
3. Teriparatide should be considered for patients with established GIOP who require long-term steroid treatment (grade B) (78) . Teriparatide increased BMD in postmenopausal women with GIOP and who were also receiving longterm estrogen therapy (grade B). There is no evidence that concurrent estrogen therapy is required for the anabolic action of teriparatide (grade D). Teriparatide should also be effective in men with GIOP (grade D), but there are no antifracture efficacy data for men or women with GIOP.
4. Teriparatide may be considered for the management of individuals at particularly high risk for fractures, including subjects who are younger than age 65 yr and who have particularly low BMD measurements (T scores Ͻ 3.5) (grade D). There is as yet no head-to-head trial, comparing the antifracture efficacy of PTH with antiresorptive agents. This recommendation is based on the biologically plausible mechanism that PTH produces a rapid improvement in skeletal architecture, whereas antiresorptive agents do not. Thus, patients at very high risk of fracture may benefit in the long term from initiating treatment with PTH. The gradient of risk may be even higher in the face of other major risk factors such as low body mass index, glucocorticoid use, or gastrointestinal disease leading to malabsorption.
5. Therapy with alendronate should be discontinued when treatment with teriparatide is initiated (grade A) (60, 86) . Controlled clinical trials suggest that alendronate may blunt the expected anabolic effects, if started before, or concurrently, with PTH. At present there is no indication that the interactions between alendronate and PTH are specific to this drug or represent a class effect that will be seen with other bisphosphonates. There is no evidence for any clinical advantages to adding an antiresorptive agent to PTH, and no studies have approached such an interaction with respect to fracture rates. To date there is no evidence that continuing either estrogen or raloxifene during PTH therapy confers either clinical advantage or disadvantage.
6. Therapy with an antiresorptive agent after cessation of teriparatide is recommended to further enhance increments in BMD measurements (grade C) (52) . There is as yet no evidence that this approach will further reduce fracture risk (grade D).
7. Therapy with teriparatide is not recommended beyond 2 yr (grade D). In part this recommendation is based on the current limitations of the experience with this agent and the lack of longer term data. Moreover, the induction of osteosarcoma in the rat model was dependent on both dose and duration of therapy.
8. Total daily calcium intake from both supplement and dietary sources should be limited to 1500 mg, together with adequate vitamin D intake (Յ1000 U/d) (grade D).
9. Routine serum calcium monitoring may not be required for safety monitoring (grade D). However, after the first month of therapy, it may be prudent to measure the "trough" serum calcium, just before the daily teriparatide injection. In the small percentage of individuals with increased serum calcium during PTH therapy, adjustment of dietary calcium supplements or reduced teriparatide dosing frequency will usually be sufficient.
10. Routine measurements of biochemical markers of bone turnover are not recommended to monitor the response to treatment over a 2-yr cycle with teriparatide (grade D).
